We propose and experimentally demonstrate photonic measurement of microwave frequency by utilizing an optomechanical microring resonator (MRR). The pump powers injected into the MRR would result the resonance red-shifts based on nonlinear effects. In the case of optical single sideband modulation, the frequency intervals between the optical carrier and the corresponding MRR resonance are tunable. Then microwave photonic filters with tunable central frequency could be achieved. Through using two microwave photonic filter responses with different central frequencies, an amplitude comparison function (ACF) (i.e., microwave power ratios) could be obtained. The microwave frequency could be calculated through the frequency-to-power mapping in the monotonic increasing region of the ACF. Moreover, the frequency resolution could be effectively improved by multiple measurement steps, so as to reduce the measurement errors. In the experiment, the microwave frequency could be measured from 8 to 18 GHz with errors lower than 0.035 GHz. The required highest pump power is low as −3.9 dBm. In the future, the measurement range could be largely increased by employing vector network analyzer with a larger bandwidth. The significant optomechanical device and measurement method are competent to measure microwave frequency with dominant advantages, such as all-optical control, compact footprint, low-error, and low-power consumption.
Introduction
With the dominant advantages of high bandwidth, inherent low-loss and immunity to electromagnetic interference, photonic technology has attracted widespread attentions to process microwave signals in electronic warfare and radar systems [1] - [3] . Especially, it is very important to identify the carrier frequency of an unknown microwave signal, so as to pass it to a specialized receiver for further processing [4] . In the past decade, different photonic measurement methods of microwave frequency have been demonstrated by using discrete devices, such as utilizing the polarization maintaining fiber [5] and dispersive fiber [6] , which are not suitable for large-scale integration. Furthermore, to realize high measurement accuracy, the wavelength of laser source has to be tuned [7] - [9] or multiple wavelengths should be used [10] - [12] , which increases the system cost and complication [13] - [15] .
To pursue better reliability and integration of optical systems, researchers focus on silicon-oninsulator (SOI) technology due to its advantages of low-cost and low-loss [16] - [18] . Recently, there have been limited research efforts on photonic measurement of microwave frequency by utilizing compact silicon devices [19] , [20] . In our previous work, we have realized photonic measurement of microwave frequency based on a silicon microdisk resonator [21] . The tunable measurement ranges are realized by adjusting the wavelength of the optical carrier. Thus a tunable laser source is required, which increases the system complication and cost. To date, only several works have experimentally realized microwave photonic measurement based on nonlinear effects in integrated devices, such as Kerr nonlinearity [22] and stimulated Brillouin scattering (SBS) [23] . However, their relatively high power consumptions or long waveguide lengths limit the progress of developing their practical applications in microwave photonic systems. In order to break this limitation, low-power and more efficient mechanism for photonic measurement of microwave frequency is highly desired.
In this paper, we experimentally investigate and demonstrate the photonic measurement of microwave frequency based on an opto-mechanical microring resonator (MRR). Instead of the tunable laser, the nonlinear effects in the free-hanging MRR are utilized to achieve tunable microwave photonic filters (MPFs) which simplifies the operations and improves the tuning resolution. Through multiple measurement steps, amplitude comparison functions (ACFs) with high enough resolution could be realized. The experimental results show that the microwave frequency could be measured ranging from 8 GHz to 18 GHz with errors lower than 0.035 GHz. The required highest pump power is −3.9 dBm. The compact and low-power device is significant in on-chip all-optical microwave systems.
Operation Principle
As shown in Fig. 1(a) , the critical device of the microwave frequency measurement is a silicon optomechanical MRR. Half arc of the microring is free-hanging by removing the oxide substrate. The wavelength of pump light λ p is aligned at one MRR resonance to induce the nonlinear effects, which mainly includes the thermo-optic effect and opto-mechanical effect [24] . The thermo-optic effect is the key factor to effectively induce resonance red-shifts of the free-hanging MRR. As the device heatsink would be significantly decreased after removing the oxide substrate, the MRR temperature rise would be much higher.
The resonance red-shift δλ 1 induced by the thermo-optic effect can be described by [24] - [26] 
where λ p is the wavelength of pump light, n g is the group index, δn TO is the silicon refractive index variation induced by the thermo-optic effect and P t is the optical pump power for the thermal effect.
On the other hand, with injecting low pump power, the free-hanging arc of the MRR would be bent downwards to the substrate by the optical force, as shown in Fig. 1(b) . In this case, the MRR transmission spectrum experiences a red-shift due to the increased effective length of optical path. Therefore, the silicon opto-mechanical MRR provides an effective solution for low-power and flexible optical processing [27] - [30] .
The optically induced force can be expressed as [31] 
where L is the length of the free-hanging arc, P m is the circulating pump power on the ring for opto-mechanical effect, c is the vacuum speed of light, n eff is the effective index of the free-hanging MRR and g represents the waveguide separation between the free-hanging arc and the substrate. The resonance red-shift δλ 2 induced by the opto-mechanical effect can be written as [28] 
where g om is the opto-mechanical tuning efficiency, and k is the beam stiffness. Therefore, the total resonance red-shift δλ can be expressed as
Equation (4) reveals that the MRR red-shift δλ is proportional to the input pump power P pump (mainly including P t and P m ). Namely, the resonance red-shifts could be tuned by adjusting the pump powers.
The tuning process of the microwave responses is shown in Fig. 2 shows that a notch MPF with central frequency of f 1 could be obtained. Then, the pump light λ p which is aligned with another MRR resonance is sent into the MRR (i.e., pump on). As shown in Fig. 2(c) , the MRR transmission spectrum would shift to the black dotted line. In this case, the frequency interval between λ s and the notch resonance changes to f 2 . Thus a notch MPF with a higher central frequency of f 2 is obtained, as shown in Fig. 2(d) . In this way, by adjusting the pump powers, the MPF central frequency could be tuned from f 1 to f 2 . The basic concept for microwave frequency measurement is to construct an amplitude comparison function (ACF), which is the power ratios between two different microwave responses.
The alternative current (AC) term of the current in the photodetector (PD) could be expressed by [32] , [33] 
where P 0 is the optical power, J n is the nth-order Bessel function of the first kind, γ is the phase modulation depth, f s and f RF are the frequencies of the optical carrier and RF signals, and H(f) is the amplitude transmission function of the MRR [pump off:
According to Eq. (5), the theoretical ACF could be written as [34] - [36] A CF
As shown in Fig. 2(e) , ACF 12 is the ratio between the RF powers in Fig. 2(b) and (d). The mapping relationship between the power ratio and microwave frequency is unique in the monotonic increasing region of ACF 12 (from f 1 to f 2 ). Thus the microwave frequency ranging from f 1 to f 2 could be calculated according to ACF 12 . Moreover, the measurement accuracy of the microwave frequency could be improved by the following multiple measurement steps. For example, assume that the frequency of the unknown microwave signal is predicted as f a which locates in the narrower region from f 3 to f 4 . Then, the powers of the pump light are adjusted to achieve MPFs with central frequencies of f 3 and f 4 . Thus ACF 34 could be obtained as shown in Fig. 2(f) . In this case, the frequency range is much narrower while maintaining the high power ratio. Therefore, the measurement resolution (or the accuracy) could be largely increased. Similarly, the frequency range could be further decreased to optimize the measurement accuracy according to the practical requirements.
The free-hanging MRR is fabricated on a commercial SOI wafer whose silicon slab and buried oxide layer are 220 nm and 2 μm, respectively. 56% and 70 nm respectively, as shown in Fig. 3(b) . The zoom in image of the grating coupler is shown as the inset.
The measured MRR transmission spectrum is shown as Fig. 4(a) . The extinction ratios (ERs) of the two resonances are approximately 22 dB (1547.49 nm) and 20 dB (1552.05 nm), respectively. The region around the resonance wavelength of 1547.49 nm is chosen as the working region to realize the tunable MPFs. In order to realize better MPF performance, the optical carrier is located in the resonance flat edge (i.e., 1547.426 nm), which is 8 GHz away from the notch resonance of 1547.49 nm. The wavelength of pump light is aligned at the other resonance (i.e., 1552.05 nm). Furthermore, different pump powers are sent into the MRR to investigate the device characteristics. Fig. 4(b) shows the red-shifts of the MRR resonance when the pump power increases from −25 dBm to 5 dBm in steps of 3 dBm. If we continue to enhance the pump powers (>5 dBm), when the optical power inside the MRR becomes saturated, the resonance red-shift also reaches the critical value. It is clear to see that the resonance red-shift could realize 0.08 nm (corresponding to frequency of 10 GHz) with injecting −3.9 dBm pump power.
As discussed above, the nonlinear effects in the opto-mechanical MRR mainly include the thermooptic effect and opto-mechanical effect. The resonance red-shift induced by the opto-mechanical effect is analyzed as follows. According to Eq. (2), input pump power of 1 mW could cause an optical force around 1 nN. As the mechanical spring constant is about 0.2 N/m [37] , the MRR deformation is 5 nm. In this case, theoretical resonance red-shift around 0.05 nm would be induced. Thus the practical red-shift caused by the opto-mechanical effect is lower than 0.05 nm. The experimental result shows that with injecting pump power of 1 mW, the MRR resonance experiences 0.15 nm red-shift in Fig. 4(b) . Therefore, the thermo-optic effect dominates the MRR resonance red-shifts.
Experimental Results
Fig . 5 shows the experimental configuration to realize the microwave frequency measurement. The red dotted lines and blue solid lines represent electrical path and optical path, respectively. The phase modulator (PM) is driven by the unknown RF signals which are emitted from the vector network analyzer (VNA) and amplified by an electrical amplifier (EA). The laser diode (LD1) emits a continuous-wave (CW) beam (1547.426 nm) which is loaded on the PM to generate an optical double sideband (ODSB) signal. Subsequently, an optical bandpass filter is used to remove one sideband of the ODSB signal to realize optical single sideband (OSSB) modulation. And then the generated OSSB signal is injected into the silicon chip. Different pump powers could be realized by the pump path which includes LD2, erbium-doped fiber amplifier (EDFA2) and a variable optical attenuator (VOA). The wavelength of pump signal emitted from LD2 is fixed at one initial resonance (1552.05 nm) of the MRR. Then, the pump signal is sent into the silicon opto-mechanical MRR through the optical circulator to cause the MRR resonance red-shifts. Finally, the output optical signal from the silicon device is converted to alternative current in the PD and analyzed by the VNA. In this case, tunable MPFs could be realized and we could achieve the frequency-to-power mapping in the post processing to measure microwave frequency. It should be noted that as the pump powers could be finely adjusted (at least with steps of 0.01 dBm), frequency intervals between the optical carrier and the corresponding MRR resonance could be continuously manipulated. Namely, the central frequency of the MPF is continuously tunable. The frequency tuning range of the MPF is limited by the characteristics of the opto-mechanical device. The bandwidth and resonance red-shift range of the MRR determine the minimum frequency and maximum frequency of the MPF. Fig. 6(a) shows that the central frequency of the MPF could be tuned from 8 GHz (pink curve) to 18 GHz (purple curve) with injecting a pump power from −25 dBm to −3.9 dBm, which is coincident with Fig. 4(b) . The 3 dB bandwidths of the MPFs are around 6 GHz. As shown in Fig. 6(b) , the MPFs with central frequencies of 8 GHz, 9 GHz and 10 GHz could be achieved by injecting pump powers of none, −13.2 dBm, −10.6 dBm respectively. Then, we continue to increase the pump powers to realize MPFs with higher central frequencies, such as 16 GHz (−4.7 dBm), 17 GHz (−4.3 dBm) and 18 GHz (−3.9 dBm) in Fig. 6(c) . As the MRR resonance is sensitive to the ambient temperature, the measurement system is located in relatively stable surroundings. In order to investigate the stability characteristic of the MPF, we have also measured the filter responses with different central frequencies after 150 minutes. The results show that the most frequency shifts are around tens of MHz. In the future, the environment temperature could be controlled more precisely to guarantee the stability of the MPF.
By using the MPF responses with central frequency of 8 GHz and 18 GHz, ACF 1 could be achieved as shown in Fig. 6(d) . The monotonic increasing region of ACF 1 ranges from 8 GHz to 18 GHz whose average frequency resolution is 8.3 dB/GHz. As discussed in Fig. 2 , according to the measured power ratios (i.e., ACF 1 ), we could estimate the frequency of the unknown microwave signals. Due to the curve variation features, we divide the monotonic increasing region of ACF 1 into three regions (i.e., Region A: from 8 GHz to 10 GHz, Region B: from 10 GHz to 16 GHz and Region C: from 16 GHz to 18 GHz). The frequency resolution of Region A, Region B and Region C are 21 dB/GHz, 0.5 dB/GHz and 19 dB/GHz, respectively. Obviously, the above frequency resolutions (especially 0.5 dB/GHz) cannot meet the requirement for high precision measurement. Therefore, the measurements should be optimized to improve the frequency resolutions.
Case 1: the microwave frequency is estimated in Region A of ACF 1 . Then we used the two MPF responses with central frequency of 8 GHz (pump power: none) and 10 GHz (pump power: −10.6 dBm) in Fig. 6 (a) to construct ACF 2 , as shown in Fig. 7(a) . It is clear to see that the frequency resolution of the power ratio in Region a 0 is 39 dB/ GHz which is much higher than the resolution of Region A (21 dB/GHz). According to the monotonic increasing region of ACF 2 (from 8 GHz to 10 GHz), we could estimate the frequency of the microwave signals. Assume that the microwave frequency is predicted as f a , which is in the Region a 1 (from 8 GHz to 9 GHz), ACF 3 has been constructed to further improve the frequency resolution to 65 dB/GHz, as shown in Fig. 7(b) . In this case, the required pump power is −13.2 dBm. By employing this decomposition method to gradually compressing the measurement range, the accuracy could be largely improved. Fig. 7(c) illustrates the frequency comparison between the input and measured microwave signals. The maximum error is lower than 0.031 GHz, as shown in Fig. 7(d) .
Case 2: the microwave frequency is estimated in Region B of ACF 1 . The function ACF 4 is constructed by the MPF responses with central frequency of 10 GHz (pump power: −10.6 dBm) and 16 GHz (pump power: −4.7 dBm) in Fig. 6(a) . Compared with Region B, the frequency resolution in Region b 0 (13 dB/GHz) is much higher, as shown in Fig. 8(a) . Therefore, by using the monotonic increasing range of ACF 4 (from 10 GHz to 16 GHz), the frequency of the unknown microwave signals could be obtained. Assume that the microwave frequency is predicted as f b which is in Region b 1 (from 14 GHz to 15 GHz), ACF 5 has been constructed to further improve the frequency resolution to 62 dB/GHz, as shown in Fig. 8(b) . The required pump powers to realize the two MPF responses are −6.3 dBm (corresponding to 14 GHz) and −5.1 dBm (15 GHz), respectively. The frequency comparison between the input and measured microwave signals, and the measurement errors are illustrated in Fig. 8(c) and (d) , respectively. In this case, the maximum error is lower than 0.035 GHz.
Case 3: the microwave frequency is estimated in Region C of ACF 1 . The MPF responses with central frequency of 16 GHz (pump power: −4.7 dBm) and 18 GHz (pump power: −3.9 dBm) in Fig. 6(a) are utilized to construct ACF 6 . In this case, the frequency resolution in Region c 0 could be improved to 36 dB/GHz, as shown in Fig. 9(a) . Therefore, according to the monotonic increasing region of ACF 6 (from 16 GHz to 18 GHz), the frequency of the microwave signals could be calculated. Assume that the microwave frequency is in the Region c 1 (from 17 GHz to 18 GHz), ACF 7 has been constructed to further improve the frequency resolution to 66 dB/GHz, as shown in Fig. 9(b) . The required pump powers to realize the MPF response with central frequency of 17 GHz is −4.3 dBm. The frequency comparison between the input and measured microwave signals in Fig. 9(c) illustrates that the maximum error is lower than 0.029 GHz, as shown in Fig. 9(d) .
Through the above multiple measurement steps, we could measure the microwave frequency ranging from 8 GHz to 18 GHz with measurement errors lower than 0.035 GHz. The required highest pump power is −3.9 dBm. The frequency measurement range is limited by the VNA bandwidth.
In the future, by utilizing a larger bandwidth VNA (40 GHz or higher), the measurement range could be significantly increased. Moreover, the measurement performances could be improved from three aspects. Firstly, by employing better fabrication process and thermal oxidation technology to reduce the silicon MRR transmission loss [38] - [40] , the required pump power could be decreased. Secondly, by optimizing the microring at the critical coupling to achieve the maximum extinction ratios, the rejection ratios of the MPF responses could be largely increased [41] . In this case, the frequency resolution could be accordingly improved to reduce the measurement errors. Thirdly, more MPF responses with smaller frequency intervals could be measured. Then the monotonic increasing region of the measured ACF could be further compressed while maintaining high ratios. Namely, the frequency resolution would be increased, which is significant for decreasing the measurement errors [42] .
Conclusion
In conclusion, we have experimentally demonstrated photonic measurement of microwave frequency based on an opto-mechanical MRR. With adjusting the pump powers into the free-hanging MRR, the experimental results show that the frequency measurement region could range from 8 GHz to 18 GHz with measurement errors lower than 0.035 GHz. The required highest power is low as −3.9 dBm. In the future, the measurement range could be increased to 40 GHz or higher by employing a larger bandwidth VNA. The integrated device and measurement method with low-power consumption is significant in on-chip all-optical microwave systems.
